Abstract. Sin Nombre virus (SNV), hosted by the deer mouse (Peromyscus maniculatus), is the primary etiologic agent of Hantavirus pulmonary syndrome (HPS) in North America. To improve our understanding of the epidemiology of HPS in the western United States, we conducted studies of population dynamics and SNV antibody prevalence in deer mouse populations for 6 years on 12 mark-recapture grids in Montana. Monthly numbers of deer mice ranged from zero to over 170 on 1-hectare grids. SNV antibody prevalence was higher than observed in studies in other parts of the United States, averaging 13% (0% to 50%), and peaking in May or June each year. Antibody-positive mice were older (heavier) (78% of positives were adults versus 52% of negatives) and more likely to be males (61% of positives versus 53.4% of negatives). A higher proportion of antibody-positive deer mice of all age-mass classes had scars than did antibody-negative mice. Month-to-month survivorship of antibody-positive adult mice was similar to that of antibody-negative mice, but survival of young antibody-positive deer mice was lower than antibody-negative deer mice. This is the first study to clearly suggest a detrimental effect of SNV infection on deer mice.
INTRODUCTION
Hantavirus pulmonary syndrome (HPS) is an often-severe respiratory disease that has been fatal in 40% of confirmed cases in the United States. The disease is caused by infection with a rodent-borne Hantavirus, most commonly Sin Nombre virus (SNV), hosted by the deer mouse (Peromyscus maniculatus). After the discovery of this disease in the southwestern United States 1,2 in 1993, several long-term studies of reservoir populations were initiated-in part, to develop measures to control and prevent human infection. 3 Four studies were conducted in the Southwestern United States [4] [5] [6] [7] and one in Montana. 8 An important potential tool for preventing HPS is the use of models based on environmental and ecological conditions that predict risk of HPS. 3 All five longitudinal studies were designed to monitor changes in reservoir population densities, prevalence and incidence of infection, and to quantify environmental and ecological factors associated with these changes. Taken together, the five studies assessed environmental and ecological factors in a large area of the western United States where the majority of HPS cases occur. The results of these studies are expected to facilitate the development of broadly generalizable models for predicting HPS risk. We present 6 years (1994-1999) of rodent population and infection data for western and central Montana. This is the first such study based in the northern Great Plains and high-altitude forests of the United States. As such, it provides information about an area that differs ecologically and environmentally from other study areas and where deer mice are dominant in relatively simple rodent communities.
MATERIALS AND METHODS
Trapping and processing. Eighteen live-trapping grids were constructed at six sites in Montana (Figure 1 ). Elevations ranged from 738 m to 1,957 m. Habitats west of the continental divide included two lodgepole pine (Pinus contorta), one Douglas fir (Pseudotsuga menziesii), two mixed Douglas fir-ponderosa pine (Pinus ponderosa), two sagebrush (Artemesia spp.), one subalpine fir (Abies lasiocarpus), and one meadow community. Habitats east of the continental divide included six grassland, two sagebrush, and one ponderosa pine. Most grids were subject to livestock grazing and three were within a few hundred meters of human dwellings. Two forested grids were thinned and one of these was subject to silvacultural management by underburning during the study. Ten-trap by ten-trap grids consisted of 100 Sherman (H. B. Sherman Traps, Talahassee, FL) live-capture traps spaced at approximately 10-m intervals covering 1 hectare. We baited traps with peanut butter and oatmeal, provided them with cotton bedding, and set them for three consecutive nights each month. We sampled three grids located in central Montana every month from June 1994 through October 1999. We sampled the other grids from June through October in 1994 and from May through October each subsequent year, except that high-altitude grids could not be sampled during May and sometimes June or October because of snow.
We trapped three grids concurrently at each site. We collected blood samples, marked and released animals on two of these grids and only marked and released on the third. The non-bleeding grid was a control used to determine if bleeding affects subsequent survival. 8 Results for this determination and a test of disinfecting traps on captures are presented elswhere. 10, 11 Neither bleeding mice nor disinfecting traps caused systematic errors. Serologic test results are from the bleeding grids. For some antibody analyses, we used data from only 10 grids because deer mice were absent most of the time from the other two.
With the exception that we did not anesthetize animals for blood collection, we used standard animal handling, blood collection, and safety precautions. 12, 13 We inferred age from body mass; 14 deer mice Ͻ 14 g were considered as juveniles, 14 to 17 g as sub-adults, and Ͼ 17 g as adults. Breeding condition was assessed by position of the testes in males and in females by the size of nipples, by whether the vagina was perforated or not, and by whether the pubic symphysis was open or not.
Whole rodent blood was tested at the Montana Department of Public Health and Human Services, Helena, or at the Department of Microbiology at Montana State University, Bozeman, by using an enzyme immunoassay. 2, 15 We used the enumeration technique 16 to determine the minimum number alive (MNA), monthly survival, and recruitment. The MNA includes all animals captured during a given sampling period plus those captured in both previous and subsequent periods that were not captured during the current period. For survival, analysis by age class was based on age classification at first capture. We analyzed data with software provided by C. J. Krebs of the University of British Columbia, Canada. Statistical tests were based on those described by Zar; 17 for tests of survival we used the log rank test. 18 
RESULTS

Rodent communities.
In 224,300 trap nights from June 1994 through October 1999, we captured 7,222 individuals of 18 species a total of 12,439 times ( Table 1) . The most commonly captured rodents were deer mice, meadow voles (Microtus pennsylvanicus), boreal red backed voles (Clethrionomys gapperi), and red-tailed chipmunks (Tamias ruficaudus) ( Table 1) . Six or fewer rodent species occupied most grids with eight being the maximum captured on any grid at any one time. Deer mice were the dominant rodent on all trapping grids below 1900 m elevation.
General population dynamics of deer mice. Deer mouse populations fluctuated widely from 1994 through 1999 (Figure 2) . Peak numbers and peak average MNAs were attained during 1994, 1996, and 1998 with lows occurring in 1995 and 1999. Peaks were approximately five times higher than the lows. The variability in MNA, as indicated by the 95% confidence intervals, was small among grids during lows and increased considerably during peaks.
Because of snow cover, we did not sample all grids continuously. For most grids, data represent late spring, summer, and early fall only. Considerable intra-annual variation occurred during these seasons, with deer mouse populations being lowest during May through July and peaking from August through October (Figure 2 ). Total numbers captured and average MNA increased slightly over winter during 1995-1996 and 1997-1998 and decreased over winter in 1994-1995, 1996-1997, and 1998-1999. Data from grids trapped continuously ( Figure 3 ) also showed high variability in deer mouse MNA; however, peaks and lows were not as evident or as periodic as those for the snow-free seasons. The highest MNAs for these grids also occurred during late summer or fall of 1994, 1996, and 1998, but a clear peak occurred during winter 1997-1998.
Transmission of SNV among deer mice may be associated with aggressive interactions that occur most frequently during the breeding season. [19] [20] [21] We found a large proportion of males in breeding condition beginning in February and March. Breeding in females lagged by about 2 months (Figure 4) . The proportion of both males and females in breeding condition increased through spring, remained high during summer, and declined through fall with none in breeding condition by November. The proportion of males in breeding condition declined more rapidly than the proportion of females.
Hantavirus antibody prevalence. Of the 18 species captured between 1994 and 1999, we tested all but one thirteenlined ground squirrel, three flying squirrels, and a pocket gopher (these animals were hypothermic when captured) ( Table 2 ). We found antibodies to SNV in yellow-pine chipmunks, deer mice, boreal red-backed voles, meadow voles, and sagebrush voles. Deer mice and meadow voles were the most abundant animals captured and had the highest overall antibody prevalence (15.8% and 11.0%, respectively). Meadow voles are the reservoir for Prospect Hill virus, which is cross-reactive with SNV by enzyme immunoassay 19 but has not been shown to cause human disease. Discussion here is limited to SNV in deer mice.
Antibody prevalence in deer mice was highly variable within most years, ranging from 0 to nearly 50% on some grids. Prevalence increased during all five springs and 219  261  537  468  592  478  312  925  1,163  325  293   5  5  4  3  3  2  8  4  2  3  4   Total  5618  2  39  13  629  8  3  376  3  16  216 105  1 181  6  1  3 reached peaks during late spring or early summer (May or June) during each year ( Figure 2 ). For 1994, we have no data for spring, but the average antibody prevalence was fairly constant from June through September, and during 1999 a peak was reached in September. Seasonal antibody prevalence patterns on the two continuously trapped grids were similar, although more variable. This was probably due to smaller sample sizes and inefficient sampling because of snow ( Figure 3 ). These two grids demonstrated very low antibody prevalence during winter. As indicated by the wide error bars (Figure 2 ), antibody prevalence was highly variable among grids. During spring peaks, for example, antibody prevalence varied from 0% to more than 50%.
During most snow-free months when we could trap all 12 grids, antibody-positive mice were captured on about half of the grids. During the winter months when we sampled two grids, antibody-positive deer mice occupied both grids five times and one grid 16 times, and were absent from both 15 times.
Seroconversions. From June 1994 through October 1999, initial acquisition of antibody to SNV was observed in 56 deer mice. Composite data from 1994 to 1999 show that seroconversions occurred during spring, summer, and early fall ( Figure 5) . Seroconversions, as a proportion of mice that were antibody-negative during the previous month or during the over-winter period on all 12 grids, increased from May through July and then remained fairly constant through October. Only two seroconversions were detected over winter on the two continuously trapped grids. These occurred during March and April, after breeding had begun. The proportion of seroconversions increased in the spring as the proportion of deer mice in breeding condition increased (Figures 4 and 5) and decreased as breeding declined.
Relationship of SNV antibody prevalence to population size. For 10 of the 12 grids where animals were bled, we calculated correlation coefficients and coefficients of determination between monthly MNA and prevalence and the number of infected deer mice that were sampled from June 1994 through October 1996. We did not include two highaltitude grids because deer mice were absent during most trapping periods. Two grids had statistically significant negative correlation coefficients between MNA and antibody prevalence (Forest r ϭ Ϫ0.385, P Ͻ 0.05; Grassland r ϭ Ϫ0.731, P Ͻ 0.001). None had statistically significant positive correlation coefficients. Three grids (Grassland r ϭ 0.564, P Ͻ 0.001; Meadow r ϭ 0.533, P Ͻ 0.002, and Sagebrush r ϭ 0.754, P Ͻ 0.001) had statistically significant positive correlation coefficients between MNA and the number of antibody-positive deer mice.
To identify generalized relationships between rodent population size and SNV antibody prevalence, we compared average monthly antibody prevalence estimates at all 10 grids versus average MNA and average monthly number of antibody-positive deer mice on the 10 grids versus average MNA. As on some individual grids, there was a statistically negative relationship between average prevalence and average MNA (R 2 ϭ 0.217, P Ͻ 0.01) (Figure 6 ). There was a statistically significant positive relationship between the av- erage number of antibody-positive and average MNA (R 2 ϭ 0.204, P Ͻ 0.01).
Characteristics of the antibody-positive deer mouse population. As has been reported in previous studies, [19] [20] [21] [22] the antibody-positive component of the population was more likely to be older and male than was the antibody-negative portion of the population (Table 3) .
Transient animals potentially have a high likelihood of encountering aggressive residents as they migrate. This could place them at higher risk for infection. Transients were defined as animals captured during only one trapping period. However, there was not a higher proportion of transients in the antibody-positive population than in the antibody-negative population (52.1% versus. 47.9%, X 2 ϭ 0.0139, P ϭ 0.9061). The proportion of transients that were adults was very similar to the proportion of residents that were adults (57.5% and 59.5%, respectively).
Aggression resulting in bites has been suggested as one mechanism for transmission of SNV between mice. 8, [19] [20] [21] [22] We recorded scars on animals trapped from 1997 through 1999. A higher proportion of antibody-positive adult deer mice of both sexes had scars than did antibody-negative adult deer mice (Table 4) . No statistically significant difference was found in the proportion with scars between antibody-positive and antibody-negative for juveniles and sub-adults of either sex. Because antibody-positive deer mice tended to be older than antibody-negative deer mice, the higher percentage with scars among antibody-positive mice could result from an accumulation of scars in the older population. However, when we compared the percentage with scars by 4-gram increments for males, we found that the antibody-positive population had higher percentages of scars for every weight class that contained antibody-positive mice ( Figure 7 ). Because females gain and lose relatively large amounts of weight with pregnancy, we did not use them in this comparison. Although average monthly survival of antibody-positive adult deer mice was similar to that of antibody-negative adult deer mice, survival of antibody-positive juveniles and sub-adults was less than half the survival of antibody-negative mice of the same age (Table 5) .
DISCUSSION
Ecological setting. In Montana, SNV and its host coexist in a physically and biologically different environment than in the Southwest, where the virus was first detected. The Montana study sites are mostly semi-arid but much cooler than those in the Southwest, and are punctuated by cold winters. Rodent communities that we studied tended to be simpler (fewer species) than in the Southwest where other species, including other Peromyscus as well as heteromyids are dominant. 4, 5, 7, 23, 24 . Deer mice in Montana shared their environment most commonly with microtine rodents. Microtines were either not present at sites where longitudinal SNV studies were performed in the Southwest [4] [5] [6] or were less abundant. 25 In general, deer mice were more abundant and persisted longer than in the Southwest. 4, 5, 7, 23, 24 The propensity of deer mouse populations to erupt ( Figure  2 ) may contribute to outbreaks of human disease. Large inter-annual fluctuations may be associated with changes in plant productivity caused by inter-annual variation in weather conditions. If this relationship can be described, we may be able to predict outbreaks of SNV-related disease on the basis of weather data. 3 However, the large variation in deer mouse populations among our sites strongly suggests that predictive models will have to be more local than general. The timing of annual peaks in deer mouse populations tends to shift from spring in parts of the Southwest 6 to fall in the West 25 and North (present study) and can occur during spring as well as fall in Colorado. 7 Timing of annual peaks probably reflects differences in timing of plant productivity in arid and cool semiarid environments.
Although late summer to fall peaks in deer mouse abundance were most common in Montana, a peak did occur during the winter of 1997-1998 (Figure 3 ) during an unusual, extended, snow-free period. Sampling during other winters when snowfall was abundant probably underestimated the MNA, thus making the winter high of 1998 seem higher than it should have in relation to other winters. Data from these grids indicate that significant peaks and lows can go undetected when sampling is performed only during snowfree months. Because snow complicates population estimates by reducing captures, our knowledge of deer mouse population dynamics during winter is inadequate. For most sampling, we dealt with winter as a ''black box'' by comparing abundance in the fall with abundance in the spring. For example, the nature of three over-winter declines or two overwinter increases are not well defined because of a lack of winter sampling.
Although deer mice have broad ecological amplitudes (they occur in most habitats in North America), they do show habitat preferences that can be used to make some predictions of abundance. 23 As in the Southwest, 19 populations in sagebrush habitats In Montana reached much higher abundance than in other habitats (Table 1) . Detailed data on deer mouse-habitat associations may allow prediction of human disease risk according to geographic location.
In order to make accurate predictions of outbreaks of HPS, the relationship between abundance and SNV infection prevalence in deer mouse populations must be understood. 21 It seems reasonable that increased numbers of animals would result in increased transmission of SNV and therefore lead to higher prevalence of SNV infection among the population. Such a direct and simultaneous relationship has not been reported, although Boone and others 25 have suggested a threshold relationship between population size and antibody prevalence. When comparing deer mouse populations over time, we found an overall inverse relationship between average antibody prevalence and deer mouse abundance which has been described earlier. 8, 24 As expected, we also found an overall positive relationship between the average number of antibody-positive deer mice and average abundance ( Figure  6 ). It has been hypothesized that, in climates with cold winters, prevalence of Hantavirus infection should follow a delayed-density-dependent model in which reservoir populations are highest in the fall and antibody prevalences are highest in the spring, and are proportional to reservoir population densities the previous fall. 21, 26, 27 Although our study populations had fall peaks in population density and spring peaks in antibody prevalence, we found no clear evidence that spring antibody prevalences were proportional to fall densities. It is possible that combining densities and prevalences across all grids obscured patterns that might have been visible on a local scale. Nevertheless, presentation of local data introduces the risk of spurious patterns due to stochastic factors and small sample sizes, as may be the case with Figure 3 . These problems can be resolved only through continued long-term data collection and careful comparisons among multiple sites over long periods.
Characteristics of antibody-positive deer mouse populations. We found an average antibody prevalence of 13% for deer mice over 6 years. Most other studies have reported estimates of 7 to 11%. 7, 8, 20, 28 The highest reported for a longitudinal study was 18.5% over 2 years, 25 although a prevalence of 30% was reported during an epizootic in the Southwest. 2 Peak average SNV antibody prevalence in Montana was over 20% each summer after 1994 ( Figure 2 ) and as high as 50% on some grids. During three of the six summers, prevalence was highest early, and declined as fall approached. The fall decline in antibody prevalence was similar to the pattern found in Colorado 7 and Nevada. 25 Prevalence of SNV antibodies during winter (based on only two grids) was always low or reached zero. During summer months, about half of the grids had antibody-positive mice. The highest antibody prevalence coincided with the springsummer breeding season for most years ( Figure 4 ). This result is consistent with the hypothesis that virus transmission is related to breeding. The decrease in SNV antibody prevalence observed over the winter in Montana has not been observed in other studies and is counter to expectations based on high rates of SNV transmission during summer breeding and fall peak population densities. Because winter SNV antibody prevalences were based on only two sampling grids, sample sizes were sometimes small and snow frequently interfered with sampling; it is possible that these samples provided inaccurate SNV antibody prevalence data.
Seroconversions also temporally followed the breeding season, with a 1-to 2-month delay between peak average percentage of deer mice in breeding condition and a peak in the proportion of antibody-negative deer mice that seroconverted ( Figure 5 ). Average seroconversion rates remained high into the fall for 2 months after breeding declined.
As described in several earlier studies, 21 we found the population of antibody-positive deer mice to be older than the antibody-negative population and to have a sex ratio biased towards males (Tables 3 and 4) . These results are consistent with the hypotheses that transmission of SNV occurs with breeding activity (older animals) and aggressive activities of males during the breeding season.
Aggressive behavior was inferred from the presence of scars (tattered ears and actual scars on tails). Because virus is shed in saliva, 29 this could be a prime mechanism for transmission. As in previous studies, 22 we found that a higher proportion of the antibody-positive deer mice had scars than did the antibody-negative mice, and the association between scars and infection was not an artifact of accumulation of scars in older male animals. The lower antibody prevalence among females may be related to the way the two sexes use home ranges or territories. Females spend more time in the core of their territories whereas males spend more time on the periphery. 30 This behavior causes males to come in contact with strangers more frequently than females, and the male-stranger contact is more likely to result in aggressive interactions. Both sexes are most aggressive during the breeding season. 30 We expected transient deer mice (those captured during 1 month only) to have a higher antibody prevalence because of increased encounters with residents (those captured during more than 1 month) as they migrated. Transients did not have a higher prevalence than residents (Table 3 ). This could mean that transients did not encounter residents more frequently than residents encountered each other, or if they did, they did not fight, or our interpretation of a capture during a single month was incorrect. The lack of difference in antibody prevalence between residents and transients was not the result of transients being younger-the proportion of transients that were adults was essentially equal to that of residents.
Others 29, 31 have suggested that Hantavirus infection is unlikely to cause direct mortality in reservoir populations, and the aerobic capacity of 10 antibody-positive adult deer mice was found to be similar to that of non-infected mice. 32 Consistent with these reports, we found the monthly survival of adult antibody-positive deer mice to be equal to that of antibody-negative deer mice. However, the average monthly survival of antibody-positive juveniles and sub-adults was significantly lower (less than half) the survival of antibodynegative animals of the same age. Lowered survival does not mean that SNV caused mortality directly. However, even a small decrease in traits such as growth rate or reaction time could make infected animals more susceptible to predation or competitive pressures. This would have had its greatest effect on young, inexperienced animals. Lower survival of animals infected at a young age may also contribute to the older age structure of antibody-positive populations.
In our study areas, deer mice were abundant at times in specific places, but were numerically dominant in most places. SNV antibody prevalence was higher in Montana than in most other places where SNV and deer mice have been studied. Montana has the 6 th greatest number of HPS cases in the United States. Only 9 human cases occurred in Montana during our study, even though Montana had more deer mice with higher SNV prevalence than similar studies showed for areas with many more cases. As we construct predictive models, we must consider other predictors besides the population size and prevalence of infection in hosts. These include human behavior, tendency of hosts to enter homes, 33 the relative permeability of homes to rodents in different geographic areas, the density of human populations, and potential differences in virulence or transmissibility among geographic variants of SNV. 21, 34 Based on the volatility of Montana deer mouse populations and the normally unstable weather in Montana, the prospect of developing predictive models is encouraging. However, because of spatial variability, we may find that models will be more local than general.
Results from our large sample of deer mice supported findings of previous studies that SNV transmission seems to be horizontal and associated with breeding. The association of infection with wounding is clear. Survival data indicate that infection with SNV may have a negative effect on the survival of young animals.
